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SUKMART 



A design chart In coefficient form Is presented from 
which a radiator can be chosen with any desired charac- 
teristics, whether for znlnimum power, particular dimen- 
sions, or pressure drop for cooling* The chart is a oon- 
Teniont tool f or selecting a praotloablo radiator for any 
given not of operating conditions, Because the flow is 
turbulont in tho tubes, tho chart is for turbulent-flow 
conditions. 



7 or the past few years the SAC A has been racking a 
study of the heat- transfer problem as related to radiators 
and interooolers. The existing information on heat trans- 
fer and tho results of tests for an analysis of tho radi- 
ator problom t conducted by tho EACA at Langloy Tiold, Va,, 
are given In reference 1, whijh also presents &r extensive 
bibliography of tho litoraturo on tho subject. In rofor- 
enco 1 the optimum radiator was selected for a design 
pressure drop. It nas shown further that, as the pressure 
difference across the radiator is lowered, tho power for 
cooling la reduced. 

Since reference 1 was prepared, tho study of tho radi- 
ator problem has been continued. A- unpubllshod analysis 
made at tho Laboratory showed that an optimum volumo ex- 
ists for a glren set of design conditions, which is con- 
stant in the practical range of pressure drops and mass 
flow of cooling air. Equations determining the radiator 
were developed in an unpublished work and tho design chart 
prosonted In this papor was propared by use of those equa- 
tions. 



A open frontal area of radiator, square feet 

0 a constant representing the power required to carry 
unit opon radiator volumo 
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0 1 dioonsionlosfl content (0.0247) 

0 a dimensionloos constant (0.049 - 20 x ) 

a p specific hoat at constant pressure, Ptu per pound 
per decrees Fahrenheit 

0j> dm* coefficient of tho airplane 

Oj, lift coefficient of the airplane 

D" hydraulic diamotor of radiator tuoo, foot 

£ acceleration ot gravity, feet per second per second 

H total heat dissipation of radiator, Btu per socond 

1 e 0 D p P I R Q °** 

« °D Pr & «p(*w - T ia> 

JC fl S* ■ ■ — 

8 °L T o 2 

L tubo length, foot 
Lt c rtaaa flo'- of ooolin^ i\ir 

Ap prooBuro difference across radiator excluding end 
locoes, pounds per square foot 

Pj total poire r chargeable to radiator 

q t dynamic pronsuro (£ p T t * ) 

Q Toluao of cooling ^ir, cubic feet por second 

R Reynolds r.unber in tube ^~^j^0 

▼t ■ I* 
S v tute-wall toBpercturo 

I la tempcraturo of r.ir at entrance, °7 



T 0 temperature of ooolin* air at outlet 



T open volume of the radiator, feet (.▼ ■ AL) 

T Q airplane speed, feet per second 

7 t average Telocity of air in radiator tube 

C dimenslonless factor by which radiator weight is 
tulti^lled to account for additional airplane 
structure required 

i 

p air density. slt^e per cubic foot 

l* coefficient of Tiseosity* slu^s per foot per second 

p r density of radiator haeed on open volune t pounds 
per cubic foot 



ANALYSIS 0? PROBLEM 
General Analysis 



Throe oquationa determine the rodiator: 

Pj « Ap Vj A + CAL (1) 

H B p 7^ A* c y (* w r*la> (1 - e -*W°**W (2) 
Ap « 20 a p"7 t fi a" 0 ' 0 L/D (3) 

Equation (l) b ivee the total power used. by the radiator 
as a aum of the power required to push the cooling air 
through the radiator and the power required to carry the 
radiator. The total lieat transfer to the cooling air in 
terms of the mass flow. and the temperature rise of cooling 
air is oiTen by equation (2). liquation (3) expresses 
the pressure drop of the cooling air while passing through 
the radiator in terms of the air flow, the Reynolds num- 
ber, and the ratio of tho length to the diameter of the 
tube. 

From equations (1), (2). and (3) the following func- 
tions usod in making figure 1 were developed! 



(4) 



A? 



(5) 



s 
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(6) 



Tho primes usod in thooo equations rofor to tho functional 
rolr.tiona. Ian following onproisiona define further cer- 
tain terms in the equations: 
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Ap 1 «= Ap 



JEL 



P v 0 B 



(7) 
(8) 



5 0 



(9) 



20, 



A' - A 



o.e 



(10) 



(ii) 



. X>esi b n Ohart 



Equations (4), (5), and (o), respect Ively , determine 
the contour lines of P' a 0/, and A 1 that are plotted, in 
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" figure 1 on the oo ordinate a of Ap 1 and v 1 . If the 
proxies Is to select the radiator that' trill absorb the - 
least power for an available pressure drop across the rail-* 
ator, the line of least power lit shown on the chart, dratrn 
through the vertical tan b ont points of the P 1 curvoe. 
It ohould "be noted that the v 1 values &iven b^ this lino 
vary only from 1.30 to 1.50 over the entire range of Ap f s 
which indicates the possibility of a radiator of constant 
volume regardless of the pressure drop. 

Lliniumo poxror in not always the coot important consid- 
eration in tho collection of a radiator. IThon othor dotor- 
jcinin to factors such as frontal irea, volume, or mags flow 
aro to ho conoide-ro^, it will oc necessary to choose points 
not in the irinimum pover lino. In ar.r caoo, a radiator 
can bo ohoaon from th* chart for any set of conditions, and 
tho coat in pjrfornanco of tho compromise nado can ho ox- 
nctly dotorolr,od. 

If the voluno of cooling air is used as a criterion 
for picking a radiator, the radiator would bo lar^or and 
n-ould ronuiro a scalier ^roceuru drop. The curves in- 

tornoct tho P r curveo aooro and to tho left of tho apox 
of tho P' cirrer. Tho A* aurvoa intcrooct tho P 1 
curves at alr-oci tho sa^a i^laco as tho constant AP 1 
curves, that i n ; on. the ^.pcs of the P 1 curvoc. 

Th:s uso oC surth a chart ia rztrcrrcl" siuple. Suppose 
tho proflourc drop for cooling i'o known, then AP 1 cp.n ho 
conputod fron relation (3) # Tho chart b ivco the value of 
v 1 , P 1 , A 1 , and {J 1 . Tho volume ce.n "bo conputod fron ro- 
lation (7), tho power fror. relation (9), the frontal area 
fron relation (1C) , ar.d tho voluno of coolin e air fron re- 
lation (11). She charactori sties and tho porforsance of 
tho airplano, the altfitudo, and tho heat dissipation aro 
all included in ths constants K : aJ^d E a . 

The chart (fi£. 1) is the £enerf-l solution of equa- 
tions (l), (2) v and (3). liquation (l) is straight forward, 
bein^ subject to no limitations within itself. In equa- 
tion (2) the assumptions have been made that T v is a 
constant and that the Heynolds analogy holds* The first 
assumption causes no appreciable error in selecting an 
aircraft radiator . 

The second assumption is true vith turbulent flow when 
the pressure drop is due to skin friction alone. In equa- 
tion (3) an analytical expression is used fofc the pressure 
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drop* Thio equation hat been found to "bo truo for long, 
straight . tuhoe in -which all the prOBauro loss with turbu- 
lent flow la due to aJrin friction, and the entrance effect 
is snail. Tube a having an L/D ratio less than 150 shoxr 
a deviation from thip formula "but the deviation is not im- 
portant for a ratio of l/D greater than 40, Equation (3) 
doea not include the exit effect. She exit effect is a 
email prensure drop proportional to q t and nay he in-* 
oluded Just as lo 0 icallv with the duct losses as -xith tho 
radiator proaoure drop. 

Equations (l), (2} t and (3) aro the flame equations 
used in reference 1. Ihus the chart based on these equa- 
tions will make it possible to seloct a radiator with the 
same accuracy but with considerably less effort than was* 
required in referee* 1. Ehia chart ^ivse all the possible 
solutions and presents them as a unit. She entire oxalo- 
sis aceuaca tarhuljnt flow. In all practicable cases tho 
flow \rill "be turbulent. 

The chart applies only to the cold radiator. Tfhon 
the average velocity and the nppropriate Reynolds number 
in the heated case rtre u^cd, however, the results »ill ho 
correct if Ap is increased by tho amount of increase in 
momentum of the cooling ?„ir paosine, through tho radiator. 
Tho same tiothod was uned in reference 1. Thus, with t^o 
or, at notit, throo trial proioura drops a radiator that 
has tho desired Ap for tho heated cace, and that nay in- 
olude even tho exit loss, can ho selected. 



SEL2CTI03 OF HADIATOH 

Obviously sany considerations, which crust he decided 
before proceeding to tho chart* enter into tho seloct ion 
of a radiator. Anon^ tho factors to be considered is the 
altitude. Ordinarily, tho moat difficult coolin* case io 
at tho critical altitude. In order to achieve maximum 
speed, it ia derirr/olo to design tho radiator for this con- 
dition. If tho radiator is chosen for cruising condition 
at the critical altitudo f however, tho case of full power 
climb at the critical altitude must bo investigated to de- 
termine rhothor the available pressure drop is adequate 
for cooling. She dimonpiona of tho radiator rtust also be 
oonoidored. It ie required that the radiator fit into tho 
airplane irith a raiizimun of effort and axponse. In many 
cases tho dimensions of the radiator aro of almost equal 
inyort-.xce i?ith povcr and pressure drop. 



In the final cmal^aU, tho sploction of a radiator 
roprooonto bo nany oorproniooa that it could "bti futilo to 
lav down definite rules for picking a radiator. All that 
oan 00 hopod for la a clear picture of the proolcu. In 
thi3 correction, it 1 b of interest to choose a ractiator 
for r. 4lTon sot of design conditions. 

Hont diouipation, H ~ - - horaopotror T -------. 500 

Airplane apood, T Q - - - - niloe por hour 400 

Critical altitude - - » - foot -35 qqo 

c l/ C D - • • 14.0 

H,-dlfttor tube dianator, D foot - -- -- -- -- -- l/48 

Ethylozo ^iyool-wator, 

T w - T la °I 230 

Ap for coding ----- - pounds por square- foct - - - 30 

Dosflit;', p r ----- - pounds per cubic font - - - 90 

« - - - - 1.5 

The following Btvvpo -ire uoud is eoloctiag a radiator 
for nii:icu~ power: 

K x m Z x a ' 049 X 14 x 0.001065 X (588)*"" = g2#5 



1.5 X 90 X ^ X B 



jl u A^5-jt-aQ-x_sg A !L.X-Q- g4 » -S3Q * 0.0828 

" 14 X E83 X 352 

Ap ' . gQ X 9.24 „ 0 .75a 
355 

Iron the chart 

v' - 1.376 A* »= 1.92 

Q' - 1.95 ?' - 2.83 

The open volume of the radiator 
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and the actual volume equals 2.70 cubic feet. 

Q, « — - 353 cuhic feet per second 
22.5x0.0828x3 

The open frontal area of the radiator 

A * 1«2 X_2 X 0^049_X_43 
7.4 X 0.C828 X 8 

and the actual frontal area equals 2.77 square feet. 

D 2.83 x £550 „_ „ . 

p. a o S3.0 horsepower 

* 9.24 x 0.628 x 550 

Ap o 3C 

1 a 12 inches 
it c ■ 12.5 pounds per second 

I - I. ?_ 3 500 x 0.707 = o 

o if- 2 e o p 12.5 X 0.24 

T t a A a 3o?_ = 19 - f(jet p dr 8 oC0nd 

A 1.05 
q t = 20.4 pounds por square foot 

A iso son tun loan of 9.3 pounds p*r square foot and an 
exit loss (0.2 q t ) of 4.1 pouT.do por square foct must "be 
edded to the ^ivcn prunoure drop of 30 pounds por square 
foot. Heating the air causes z. lorcr dor.oity and a hi^hor 
Trlooit^-, vrhioh re ml to in an incroaso in KocontUE, that 
in. 

P V (2"-=J^) - 0.001035 X (106) C « 9.5 

poundo per eqiuiro foot. SIiub. the CTcr-tixl Ap across 
the rcdiator is approximately 4-i pounds per square foot 
Instead of 30 t ac desired. EUb ir.cro.aec la AP incronoos 
the povrer required. 

A socond trial mny fco nn&o , uain*; n. Ap of 20 pounds 



g 



per square foot, find a very oloftO approximation trill "bo 
mado to tho doal^n chcioo of Ad » 30 pounds por oquaro 

foot."-" 



Apt « ?9 g - 0.504 

Z06 



Iron th© chart 



- .1.376 

A 1 « 2.45 
P' - 2.65 

The opaa -olumc of the radiator 

^ ~ nTT^P^o - 1.30 CUfliC foot 
9.24 x 0.328 

aui th*: nctu.il volnme in 2.70 cuhic feat. 

Q « 446 ou"i)ic font por r 000 ad 
Eaj c?c- iro^tr.l ; rca of tho ra^i-tor 

A « 2.75 cei - ir;ro foct 
?t * 3.fc"4 fa^t actual fro-itr-1 r.rc.t 3 C4.2 horsopotror 

Ap » 2C 
L * 9ml inchcn 
K 0 « 15.4 ^ouadn v»:p socand 



(T B - ff lA ) = 96° ? 



7x e iiL- ■ 189 feet par aocond 
* 2.26 

<JLt - i 001065) X (189) » 19.0 pounds por square font 

9 5 

Ap duo to ma no n tun dra^; * 38.0 x ■ 7.0 pounds per 

squaro foot 

A'p duo to exit drr«£ *= 19 x 0.2 - 3.8 pounds por square fo 
Ap total a 20 + 7.0 + 3.8 » 30.8 
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The problem of choosing the radiator for a given In- 
struction often booomos tho problem of deciding which 
radiator of aeToral 1b cost suitable. In such a on bo r a 
table of radiator dimensions, including Pt » Ap t ^d U c 
should bo nado up, nnd tha radiator should bo choson thnt 
uoat noarlr approaches the optimum or th.at ixin soao char- 
acteristic whiah nakos it oopociallF doairn.blo. 



Lassie* Hozr.ortal Aeronautical Lr.borrvtor;*, 

IT.ation.al Advisory Coni-ittco for iornnautlcs, 
Lantjlov' Piold, Ta. 
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